In the light-front description of nucleon structure the electromagnetic form factors are expressed in terms of frame-independent transverse densities of charge and magnetization. Recent work has studied the transverse densities at peripheral distances b = O(M −1 π ), where they are governed by universal chiral dynamics and can be computed in a modelindependent manner. Of particular interest is the comparison of the peripheral charge and magnetization densities. We summarize (a) their interpretation as spin-independent and -dependent current matrix elements; (b) the leading-order chiral effective field theory results; (c) their mechanical interpretation in the light-front formulation; (d) the large-Nc limit of QCD and the role of ∆ intermediate states; (e) the connection with generalized parton distributions and peripheral high-energy scattering processes.
Transverse charge and magnetization densities
In the light-front description of relativistic systems the transition matrix elements of current operators are expressed in terms of transverse densities. 1,2 They are defined as two-dimensional Fourier transforms of the invariant form factors and describe the distribution of charge and current in the system in transverse space. They are frameindependent (boost-invariant) and represent true densities in the light-front wave functions of composite systems, and thus provide an objective notion of the spatial structure of relativistic systems. Transverse densities have become an essential tool in the study of hadron structure, both in QCD and in approaches based on effective degrees of freedom; see Ref. [3] for a review.
In the context of QCD, the transverse densities correspond to a projection (integral over the light-cone momentum fraction x) of the impact parameter-dependent parton densities, 4 which are the transverse spatial representation of the generalized parton distributions (GPDs). The transverse densities in the nucleon thus provide indirect information on the distribution of partons in transverse space, and open an interesting connection between low-energy elastic eN/νN scattering and highenergy inelastic processes resolving the nucleon's quark/gluon content. Considerable efforts have been devoted to constructing empirical charge and magnetization densities in the nucleon from the available elastic form factor data. 3 The nucleon electromagnetic current matrix element is described by the transverse charge and magnetization densities, defined as the Fourier transforms of the Dirac and Pauli form factors, F 1 (t) and F 2 (t), in a frame where the momentum transfer to the nucleon is in the transverse direction,
Their integral over transverse space gives the total charge and anomalous magnetic moment. The interpretation of ρ 1,2 (b) as spatial densities has been discussed extensively in the literature. 2,3,4 In a state where the nucleon is localized in transverse space at the origin, and polarized in the y-direction, the matrix element of the "plus" component of the current, J + ≡ J 0 + J z , at x ± = 0 and x T = b, is given by
where (...) hides a trivial factor reflecting the normalization of states, cos φ ≡ b x /b is the cosine of the azimuthal angle, and S y = ±1/2 the spin projection in the y-direction in the nucleon rest frame. The function ρ 1 (b) describes the spinindependent part of the current, the function ρ 2 (b) the spin-dependent part in a transversely polarized nucleon (see Fig. 1 ). The latter changes sign between positive and negative values of b
x ("right" and "left," when looking at the nucleon in the zdirection from +∞), as would be expected for a convection current due to rotational motion around the y-axis. A basic question of nucleon structure is how the ratio ρ 2 (b)/ρ 1 (b) behaves as a function of the transverse position b, particularly in regions where a simple dynamical interpretation is possible. Intuition from non-relativistic systems suggests that ρ 1 counts the number of constituents per transverse area, while ρ 2 (b) measures the current, so that the ratio should reflect the velocity of the internal motion of the constituents. The concept of transverse densities allows one to pose the question rigorously also for relativistic systems.
At large distances the behavior of strong interactions is dominated by the spontaneous breaking of chiral symmetry. The associated quasi-massless excitations (Goldstone bosons), the pions, couple weakly to hadronic matter and mediate low-energy interactions over distances of the order M −1 π , much larger than the bulk hadronic size. In current matrix elements they induce characteristic contributions in which the current couples to the hadron by exchange of "soft" pions with momenta k π ∼ M π . In the transverse densities they give rise to distinctive long-range components at
π ), which can be calculated model-independently and represent fundamental chiral properties of the structure. They are analogous to the well-known "Yukawa tails" of non-relativistic physics but have a precise relativistic meaning. Recent theoretical work 5,6 has studied the chiral component of the transverse charge and magnetization densities using methods of chiral effective field theory (EFT). It observed an interesting inequality 5 between the leading-order spin-dependent and independent peripheral densities, and suggested a simple explanation in a mechanical picture based on the first-quantized light-front formulation of chiral EFT. It also investigated the scaling behavior of the transverse densities in the large-N c limit of QCD and showed that inclusion of ∆ intermediate states guarantees the proper scaling of the pionic component. These findings provide model-independent constraints on the peripheral transverse densities at large b and enable an intuitive understanding of chiral nucleon structure. Here we summarize the main points, focusing on the comparison of ρ 2 and ρ 1 ; for the conceptual and practical aspects of chiral EFT in peripheral transverse densities we refer to the original article. 5
Peripheral densities from chiral EFT
The large-distance behavior of transverse densities can conveniently be studied in a dispersive representation, 6 in which they are expressed as integrals over the imaginary parts (or spectral functions) of the invariant form factors on the principal cut in the timelike region,
In this formulation the densities as b = O(M −1 π ) are the "image" of the spectral functions on the two-pion cut at t − 4M the current couples to the nucleon by two-pion exchange, and the pion-nucleon vertices are those of the LO chiral Lagrangian. Evaluation of the chiral component of the densities is straightforward, and analytic approximations can be derived. The general form of the peripheral densities at
where the exponential behavior is dictated by the minimum mass of the exchanged two-pion system in the t-channel and and the pre-exponential functions reflect the complexity of its coupling to the nucleon. In leading order of M π /M N (heavy-baryon expansion) one finds that
The spin-independent and -dependent parts of the isovector current matrix element Eq. (3) are of the same order in the chiral region. This shows that it is natural to work with ρ 2 instead of ρ 2 ; for the original ρ 2 the corresponding ratio is
The numerical results for the LO densities in the chiral region (see Fig. 3 ) show that in this approximation the spin-dependent density is bounded by the spin-independent one,
The inequality is practically saturated at distances b ∼ few M −1 π ; at larger distances the spin-dependent density becomes systematically smaller than the spinindependent one. We emphasize that Eq. (7) is specific to the LO chiral EFT result and can be modified by higher-order corrections; 9,10 it also ceases to be valid when ∆ intermediate states are included as required by the large-N c limit of QCD (see below). Still, it is interesting to inquire about the dynamical origin of this surprising observation.
Mechanical picture in light-front quantization
A more intuitive understanding of the structure of the LO chiral component, can be obtained in a first-quantized mechanical picture, where one follows the evolution of chiral EFT processes in light-front time x + . 12 In this formulation the peripheral densities arise from processes in which the initial nucleon "fluctuates" into a largesize pion-nucleon (πN ) system through the perturbative chiral EFT interaction. Fig. 3 . LO chiral component of the nucleon's isovector transverse spin-independent density ρ V 1 (b) (solid line) and spin-dependent density ρ V 2 (b) (dashed line). 5 The plot shows the densities with the exponential factor exp(−2Mπ b) extracted [the functions plotted correspond to the preexponential factor in Eq. (5) The process is described by light-front wave functions ψ 0,1 (y, r T ) (see Fig. 4a ), which depend on the pion light-cone momentum fraction y = O(M π /M N ), the transverse spatial separation r T = O(M −1 π ) of the final πN system, and the lightfront helicities of the initial and final nucleon (helicity-conserving, ψ 0 ; helicity-flip, ψ 1 ; the dependence on the transverse angle φ is dictated by angular momentum conservation and can be separated 12 ). The peripheral isovector densities can then be expressed as overlap integrals of the light-front wave functions (see Fig. 4b ),
whereȳ ≡ 1 − y. The inequality Eq. (7) and takes advantage of the fact that the light-front description is boost-invariant and can be implemented in any frame, including the rest frame. Details will be provided elsewhere. 12
∆ intermediate states and large-N c limit
Other interesting information on the peripheral transverse densities comes from the large-N c limit of QCD. 5 The N c -scaling of integral nucleon observables (charges, magnetic moments) has been studied extensively in the literature 13,14 and provides useful constraints for dynamical models and phenomenological analysis. The same techniques can be applied to study the transverse densities at non-exceptional dis-
One finds that the isovector densities in large-N c QCD scale as
The spin-dependent density is parametrically larger than the spin-independent one, reflecting a general property of the spin-flavor wave function of the large-N c nucleon. It implies that the inequality Eq. (7), observed in the LO chiral EFT result, is not compatible with the large-N c limit of QCD. Indeed, one finds that the spinindependent density obtained in LO chiral EFT exhibits a "wrong" N c -scaling as ρ
This is not surprising, as it is well-known that in the large-N c limit the ∆ isobar becomes degenerate with the N and needs to be included as an intermediate state in the two-pion spectral function on the same footing (see Fig. 2b ). 15,16 Using a phenomenological πN ∆ coupling it was shown explicitly 5 that in the large-N c limit the intermediate ∆ contribution cancels the N one in ρ 1 (b) to leading order in 1/N c , while it adds to the N in ρ V 2 (b). Inclusion of the ∆ thus "restores" the proper N c -scaling of the two-pion component of the peripheral transverse charge density, and one obtains
in accordance with Eq. (9). The ∆ thus plays an essential qualitative role in the large-N c limit. Numerically, with the empirical values of the N -∆ mass splitting and πN ∆ coupling, the ∆ contribution to the peripheral densities is 20% of the N at b > 2 M −1 π in both cases, so that the chiral EFT result with N only still provides a valid approximation.
The fact that the spin-dependent component of the isovector transverse density is parametrically leading in the large-N c limit suggests that it may also be numerically larger than the spin-independent one. This question could be addressed in dynamical models based on the large-N c limit, which describe the nucleon as a chiral soliton (skyrmion, 17 chiral quark-soliton model 18 ). In these models the N and ∆ correspond to different rotational states of the classical soliton, and the contribution from ∆ intermediate states is effectively included in the peripheral densities. 15,16
Empirical densities and experimental tests
Chiral dynamics and the large-N c limit of QCD provide model-independent theoretical insight into the structure of the nucleon's peripheral transverse charge and magnetization (or spin-independent and dependent) densities. Important practical questions are how one should construct empirical densities incorporating these constraints, and whether one could probe the chiral component of the transverse densities directly in scattering experiments.
A numerical study of the nucleon's transverse densities 19 using the dispersion integral Eq. (4) shows that the chiral two-pion component becomes numerically dominant only at large distances b 2 fm. At smaller distances the densities (isovector and isoscalar) are overwhelmingly generated by the vector meson resonances (ρ, ω) in the spectral function. Realistic transverse densities are therefore best constructed by evaluating the dispersion integral Eq. (4) with empirical spectral functions, which include the chiral two-pion component near threshold (as described by chiral EFT), the vector meson resonances, and a continuum of higher-mass states determined by fits to the spacelike form factor data. 20,21 This formulation implements the proper analytic structure of the form factor near threshold, which guarantees the correct large-distance asymptotic behavior of the densities.
The chiral component at large b makes a distinctive contribution to the b 2n -weighted moments (n = 1, 2, . . .) of the transverse densities, which are related to the n'th derivatives of the elastic form factors at t = 0. 5 A preliminary assessment 6 found that the chiral component of the isovector density contributes only ∼ 20% to the b 2 -weighted moment, but O(1) to the b 4 -weighted and higher moments. This suggests that the chiral component causes "unnatural" behavior of the second and higher derivatives of the form factors at t = 0, which might be observable in combined fits to low-|t| elastic scattering data and atomic physics measurements of the proton charge radius. 22, 23 The chiral component of transverse nucleon structure can also be probed in peripheral high-energy scattering processes, e.g. deep-inelastic or exclusive processes which resolve the peripheral quark/gluon structure with a momentum trans-fer Q 2 ≫ 1 GeV 2 . An important point is that the chiral light-front wave functions of the peripheral πN system are universal and determine also the nucleon's peripheral quark/gluon densities, 24 or the amplitudes for peripheral exclusive processes with pion production, when supplemented with the appropriate information about pion structure. One promising candidate is hard exclusive electroproduction (of vector mesons, photons etc.) on a peripheral pion that is observed in the final state together with the remnant nucleon; 25 such types of processes could be studied with a future Electron-Ion Collider (EIC). 26,27 The advantage of the light-front formulation of nucleon structure is precisely that it connects low-energy elastic form factors with observables in peripheral high-energy scattering processes in a well-defined manner, greatly enlarging the number of available probes.
